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The great east Japan earthquake induced a giant tsunami, which broke down the 
cooling system of the reactors of Fukushima Dai-ichi Nuclear Power Plant on March 
11, 2011. This accident led to the melt down of the fuel, and a huge amount of 
radionuclides was released outside. These radionuclides have strong ability towards 
the formation of aqueous complexes that are soluble in water, which results in the 
generation of a large amount of radiation-tainted water (Figure 1).
1-3
 The 
contaminated water contains a variety of short and long-lives radionuclides (Table 1). 
The short-lives radionuclide (e.g., 
131
I) has a short half-life and thus diminishes 
quickly in minutes to months. However, the long-lives radionuclide has much longer 
half-life and poses a serious environmental threat than the short-lived one. Among 
them, 
90
Sr radioisotope has a long half-life (28.9 years), and it is commonly known as 
a bone seeker element, which exhibits biochemical behavior similar to calcium. The 
presence of 
90
Sr in bones is linked to bone cancer, cancer of the soft tissue near the 
bone, and leukemia.
4
 The radioactive isotope 
137
Cs has also long half-life (30.2 years). 
This is a byproduct of uranium fission reaction, and it also possess hazardous health 
effect due to its strong binding affinity towards water, and these could make their way 
into the food chain when they present in waste water.
 
The biological behavior of 
cesium is similar to that of potassium, which gets uniformly distributed throughout 
the body. The presence of higher concertation of radioactive Cs in body could 






Figure 1. Storage tanks for contaminated water in Fukushima  
 
Thus far, a number of methods have been developed to remove hazardous 
radioactive ions from the radiation-tainted water, including ion-exchange method, 
precipitation method, ultrafiltration method, and others. Among them, the 
ion-exchange treatment is attractive due to its relatively high selectivity and minimal 
solidified waste. But this approach still leave much to be improved on the selectively 
and the efficiently.
6
 Recently, nanomaterials have been paid much attention as 
promising ion-exchange material because of their high adsorption abilities due to their 













Table 1. Nuclear Regulation Authority, Japan, 2012 
 
 
1.  Nanomaterials 
Nanomaterials are main materials in the nanotechnology research, which is 
defined as “Nanomaterials are usually considered to be materials with at least one 
external dimension that measures 100 nanometers or less or with internal structures 
measuring 100 nm or less”. These materials could be in any form such as particles, 
tubes, rods, wires, or fibers. One of the interesting aspects of these nanomaterials is 
that even when they have the same composition with known materials in bulk form, 
they often show entirely different physical, chemical, and physiological properties. 
Furthermore, controlling the materials size in atomic or molecular scale could 
introduce a wide variety of characters in materials.
7
 Due to these unique features, 
nanomaterials are playing important roles in many research fields, such as machine 
engineering (super hard surfaces with low friction), chemical industry (nanotubes, 
nanocomposites, selective catalysis, aerogels), automotive industry, cosmic industry 
(catalysts) and so on. The common methods for preparing such nanomaterials consist 
of physical and chemical methods. Physical methods include pulverization, 
coacervation, and spray method. Chemical methods include chemical vapor 
5 
 
deposition, chemical precipitation, sol-gel, hydrothermal, and template method.
8-10 
 
2. Titanium oxide nanomaterials 
As the most promising radioactive ion-exchange materials, sodium titanates are 
expected to play an important role in helping to solve many serious environmental 
and pollution challenges. Sodium titanates can be selectively exchanged with 
radioactive ions and it helps the safe disposal on specified place. The continued 
breakthroughs have been made in the preparation, modification, and applications of 
sodium titanates nanomaterials in recent years, especially after the nuclear accidental 
disaster in 2011. Various approaches have been established for the preparation of 
titanate nanostructures such as hydrothermal, sol−gel, direct oxidation method, 




3. Corrosion method 
Corrosion is a chemical process involving the conversion of metal or alloy to 
stable materials, such as oxide. Generally, it takes place under chemical or 
electrochemical conditions. Dealloying method is one of the well-known corrosion 
methods. 
 
3.1 Dealloying method 
Dealloying technology is one of the highly useful methods for the fabrication of 
nanostructured materials. In this process, the selective etching of one or more of the 
metals from an alloy powder or ribbon by chemical or electrochemical methods 
results in the formation of a sponge-like metal with a large surface area.
12
 The driving 
force behind the selective leaching is the potential difference between the alloy 
elements which prefer attack on the more "active" element in the alloy than other 
elements. In recent years, a number of nanoporous metals were synthesized by use of 













 and so on. It is notably that this process offers the potential to produce 
monolithic metal bodies with a nanoscale pore structure. These materials have 
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 For example, the 
nanoporous nickel works as a catalyst in industrial scale for hydrogenation reactions 
as a Raney nickel catalyst.
24 
  
Recently, our research group focused on developing the heterogenous gold 
catalyst for organic transformation using the dealloying method. For example, 
nanoporous gold is fabricated by selective dissolution of silver from Au-Ag alloys by 




Figure 1 SEM image of nanoporous gold  
 
3.2 Dealloying-oxidation method 
Recently, our research group demonstrated a new method to create ultrafine 
sodium titanate nanowires. In this protocol, Ti-Al alloy ingots were fabricated by arc 
furnace, and they were converted to ribbon forms by melt spinning method with rapid 
quenching system. The resulting alloy ribbons were treated with NaOH aqueous 
solution at room temperature to give sodium titanates (Figure 2). The chemical 
process involved the selective dissolution of Al, followed by the oxidation of the 
remained Ti, which is called as a dealloying-oxidation method. The TEM analysis of 




obtained nanowires were composed of unique atomic structures of layered 
TiO6-octahedra units and intercalated Na
+
 ion layers. These layered structures in the 
nanowire are important because they represent the extraordinary Sr ion exchange 
capacity as well as the extremely fast adsorption speed. These nanowires exhibit 




                        
 




Figure 3 SEM image of sodium titanates 
4. Rapid quenching 
The general definition of rapid quenching in materials chemistry is “the rapid 
cooling of a workpiece in water, oil or air to obtain certain material properties”. Such 
8 
 
fast quenching prevents undesired low-temperature processes, such as phase 
transformations. 
 
4.1 Melt spinning technique 
Melt spinning is a technique used for rapid cooling of molten metals. In this 
process, a jet of liquid metal is ejected from a nozzle and impinged on the outer 
surface of a moving substrate (rotating wheel), where a thin layer is formed from a 
melt puddle and rapidly solidified as a continuous ribbon.
26
 However, this process is 








   
 
 
Figure 5 The melt spinning machine (up) and the copper roller (down) 
 
4.2 Gas atomization technique 
As a technique to fabricate high quantity metal powders, gas atomization is 
famous in powder metallurgy. During the process of gas atomization, the molten alloy 
is atomized due to inert gas jets into fine alloy droplets which cool down during their 
fall into the atomizing tower. The obtained alloy powders from the gas atomization 
technique offer a perfectly spherical shape (Fig. 6). The gas atomization technique 
shows several advantages, such as massive production and facilitating 











The process of the gas atomization can be explained by Plateau-Rayleigh 
Instability. A liquid jet with the initially of constant radius is falling vertically due to 
the gravity, followed by the liquid length increasing to reach a critical value. Then, the 
jet decomposes into a stream of droplets. This phenomenon occurs primarily due to 
the surface tension of the liquid. The similar phenomena can be observed in the water 
















5. This study 
The purpose of this study is to fabricate functional sodium titanate nanomaterials 
as ion-exchangers by the dealloying-oxidation method using the gas atomization 
technique. The chapter 1 deals with the preparation of sodium titanate nanowires from 
a Ti6Al94 alloy ingot. The chapter 2 deals with the fabrication of sodium titanate 
nanowires from a TiAl3 alloy ingot. The adsorption properties of the obtained 
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 Fabrication of titanate nanowires with ion-exchange properties from 




















A nuclear accident in Fukushima Daiichi Nuclear Power Plant resulted in the 
generation of huge amounts of radiation-tainted water, and it is highly desired to clean 
up them as soon as possible. Now, a lot of kinds of adsorbents are used for removal of 
a variety of radionuclides in Fukushima, but it is necessary to improve their 





are known as one of the most hazardous radioisotopes for living things, and they are 
removed by ion-exchange process with titanates as ion-exchangers. A lot of titanate 
nanomaterials have been synthesized by ordinary hydrothermal method and sol-gel 
method.
1-2
 However, such traditional methods need thermal conditions, and such 
reaction conditions promote the crystal growth of products. Therefore, the obtained 
materials are relatively larger. Furthermore, the thermal conditions generally induce 
the formation of more stable and chemically inert materials. Recently, our research 
group demonstrated that the fine sodium titanate nanowires can be fabricated by a 
simple immersion of Ti6Al94 alloy ribbons in aqueous NaOH solution at room 
temperature. This process involved the selective leaching of Al followed by the 
oxidation of Ti. Furthermore, the resulted sodium titanate nanomaterials have shown 




 In this fabrication process, the alloy 
ribbon precursors are prepared from a mother alloy ingot of Ti6Al94 by the melt 
spinning method with a rapid quenching technique. However, it is known that the melt 
spinning technique is suitable for small scale preparation, but not for large industrial 
scale. On the other hand, the gas atomization technique is also known as a rapid 
quenching method for fabrication of alloy powders, and it has advantages compared 
to the melt spinning method on a massive production. Herein, the fabrication of 
sodium titanate nanomaterials was reported via the dealloying-oxidation method by 







2. Results and discussion 
2.1 Sodium titanates preparation  
The required Ti6Al94 alloy ingot was prepared from a mixture of Ti and Al metals 
(Ti : Al = 6 : 94) by use of arc melting furnace (Figure 1.1a). The resulting ingot 
having spherical shape was hammered to give a plate form, which was cut by a wire 
cutter to afford small pieces. The resulting pieces were put into the special quartz 
nozzle, and they were converted to powders by the gas atomization machine (Figure 
1.1b). During the gas atomization process, the heating temperature was 1450 ºC and 
the pressurizing value was 2.0 MPa. From 10.0 g of the ingot, 7.6 g of the powders 
were obtained on average. 
 
    
 
Figure 1.1 (a) The Ti6Al94 alloy ingot having spherical shape. (b) The powders 
obtained by the gas atomization. 
 
The scanning electron microscope (SEM) analysis of the obtained alloy powders 
indicated that each powder had the spherical shape with the size range from several 
micrometers to hundreds of micrometers as shown in Figure 1.2. The 
energy-dispersive X-ray spectroscopy (EDX) showed that the composition of the 








Figure 1.2 SEM image (a) and EDX spectrum (b) of the obtained alloy powders 
 
The X-ray powder diffraction (XRD) spectrum of the alloy powder revealed that 
the atomized powder was a mixture of TiAl3 intermetallic compounds and 
face-centered cubic (fcc) Al as shown in Figure 1.3(a). These diffraction peaks were 
assigned by comparison with the standard XRD diffraction patterns of TiAl3 and Al in 
Figure 1.3(c). Our research group has previously reported that the alloy ribbon 





and Al as shown in Figure 1.3(b). However, TiAl3 diffraction peaks of the alloy ribbon 
looked broader than those of the atomized powders. It is known that the quenching 
speed with the melt spinning machine is significantly faster than that with the gas 
atomization machine. These results would suggest that the crystal size of TiAl3 in the 




Figure 1.3 XRD spectra of the atomized alloy powders (a), the alloy ribbons derived 










The obtained alloy powders were separated by using testing sieves (Figure 1.4). 
After the successful separation, three kinds of alloy powders with different size range 
were obtained (Table 1.1). Among them, the powders with 25-45 μm were selected as 




Figure 1.4 Testing sieves for separating alloy powders 
 
Table 1.1 Size distribution of the obtained alloy powders 
 
Size range Weight ratio 
≤ 25 um 15.9% 
25-45 um 32.5% 






The dealloying-oxidation reaction was examined with the atomized powders for 
fabrication of titanate nanomaterials. The alloy powers were treated with 5 M aqueous 
solution of sodium hydroxide under room temperature for 24 h. The Al was dissolved 
with evolution of hydrogen gas, and the white precipitates were formed. The 




Scheme 1.1 Fabrication of sodium titanate nanowires 
 
The precipitates were separated by centrifugation of the resulted turbid solution. 
The resulting materials were washed with acetone, and dried under reduced pressure 
to afford white powders (Figure 1.5). The alloy powder of 300 mg gave the materials 
of 75 mg on average. 
 
  
Figure 1.5 Obtained sodium titanates  
22 
 
FE-SEM image of the obtained materials with low magnification showed that the 
spherical shape of the alloy powders were remained even after dealloying-oxidation 
process. On the other hand, the image with high magnification clearly indicated that 




Figure 1.6 FE-SEM images of the obtained materials with low magnification (up) and 





EDX analysis indicated that the Al peak in the Figure 1.2(b) disappeared in 
Figure 1.7. This result revealed that the Al was completely dissolved from the alloy 
powders during the dealloying-oxidation process. On the other hand, the appearance 




Figure 1.7 EDX spectrum of the obtained materials 
 
Transmission electron microscope (TEM) image showed that the nanowire 
structure was fine and the diameter was around 10 nm. This result showed that the 
present nanowires from the atomized powders were relatively larger compared to the 
nanowires from the melt spinning method because they had diameters of a few 
nanometers. As mentioned in the XRD analyses of the alloy powders, the crystal size 
of TiAl3 in the alloy ribbon were smaller than that in the atomized powder (Figure 
1.3). These results would suggest that the TiAl3 nanocrystal in the alloy ribbons or 
alloy powders were precursors of the titanate nanowires, and the observed difference 
of the nanowire size might come from the difference of the nanocrystal size of TiAl3 
although this idea was highly speculative. The Brunauer Emmett Teller (BET) 











Figure 1.8 TEM image of the obtained nanowires 
 
From the XRD analysis in the previous report, the alloy ribbons fabricated by the 
melt spinning method gave layered sodium titanates with the lepidocrocite-type 
framework under the dealloying-oxidation conditions (Figure 1.9).
3
 This crystal 
structure had the general composition represented by AxTi2-x/4◇x/4O4 (where A 
denotes alkali metal, hydrogen, or H3O
+





Figure 1.9 Lepidocrocite type layered model of sodium titanate nanowires 
 
To confirm the crystal structure of the materials obtained from the gas 
atomization method, XRD analysis was carried out. Comparison between two XRD 
spectra revealed that the present materials also had the layered lepidocrocite structure 







Figure 1.10 XRD spectra of the present nanowires (red) and the previously reported 
nanowires obtained from the alloy ribbon prepared by the melt spinning method 
(black). 
 
The composition of the nanowires was determined by inductively coupled plasma 
spectrometry (ICP). The sodium titanate nanowires were dissolved in aqua regia 
solution under room temperature, and the resulting solution was analyzed by ICP. The 
obtained results confirmed that the ratio of Na to Ti was 0.681, which led to x ≈ 1.16 
in the NaxTi2-x/4◇x/4O4 structure. On the basis of these analyses, the composition of 







2.2 Ion exchange with Sr
2+
 ions 
The obtained nanowires were expected to have ion exchange properties due to 
their fine structure as well as the layered crystal structure. Two Na
+
 ions were 
exchanged with one Sr
2+
 ions because of their different oxidation states. The 
theoretical ion exchange capacity could be calculated based on the composition of 
Na1.16Ti1.71◇0.29O4, and it was found to be 6.73 mequiv g
-1
. To know the experimental 
capacity, the materials were immersed in SrCl2 aqueous solution with several 
concentrations. After 15 minutes, the mixture was filtered to remove titanates, and the 
remained amount of Sr
2+
 ions in the solution were detected by ICP, and the results 
were summarized in Figure 1.10. The obtained graph showed that the Sr
2+
 adsorption 
was proportional to the initial Sr
2+
 concentrations at low concentrations and it reached 
saturation with 5.01 mequiv g
-1
 at the initial Sr
2+
 concentration of 4.0 mmol/L (Fig. 
1.11). 
The obtained ion-exchange results revealed that the 74% of Na
+
 ions in the 
materials were exchanged by Sr
2+
 ions. Previously, Zhu, Gao, and co-workers 
fabricated titanate nanofibers with the composition of Na2Ti3O7 and Na1.5H0.5Ti3O7 
under the ordinary hydrothermal conditions.
4
 They reported that the observed 
capacities of these nanomaterials were 1.26 mequiv g
-1
 and 1.14 mequiv g
-1
, which 
corresponded to 19% and 22% of their theoretical capacities respectively. Obviously, 
our materials showed higher adsorption capacities. Furthermore, these results showed 
that the present materials exhibited higher capacities compared to our nanowires 








Figure 1.11 The adsorbed Sr
2+





The EDX spectra of the nanowires before and after uptake of Sr
2+
 ions were 
shown in Figure 1.12. The Na peak at around 1 keV was disappeared completely and 
the Sr peak appeared at around 1.8 keV after capturing Sr
2+







Figure 1.12 EDX results before (a) and after (b) ion exchange 
 
To conduct careful consideration on the obtained results, the interlayer distance of 
the layered adsorbent was focused on because it was expected to have strong 
influence on the adsorption property. According to the Bragg’s law, the distances 
before and after uptake of Sr
2+
 ions were calculated to be 0.91 nm and 0.90 nm, 
respectively (Figure 1.13). The change was 0.01 nm, and this was negligible. Actually, 
these distances were exactly the same with the nanowires derived from the alloy 
ribbon.
3





method, the distance was changed from 0.859 to 0.750 nm.
4
 This deformation was 
much larger than that of the current nanowires. Furthermore, 80.7% of Na
+
 ions were 
still remained even after 2days. These results suggested that the observed high 
exchange effectiveness of the present nanowires was due to the wide interlayer 
distance without large deformation. In contrast, the serious deformation in the case of 
the nanofiber resulted in the confinement of the Na
+




Figure 1.13 XRD profile before (a) and after (b) Sr
2+
 ion exchange 
 
Next, the adsorption speed of the nanowires was investigated. Time-dependence 
of Sr
2+
 adsorption was shown in Figure 1.14. Clearly, the ion-exchange process of the 
nanowires took place extremely fast, and the adsorption finished within 1 h. The 
observed fast adsorption speed was probably due to the fine structure of the nanowires 
because the distance of the intercalated Na
+









Next, the selective uptake of Sr
2+
 ions in presence of a large excess of Na
+
 ions 
was demonstrated (Scheme 1.2). The ion selectivity of adsorbents is a very important 
factor for practical use in Fukushima. Actually, a large amount of groundwater still 
comes in the reactor in the power plant, and the contaminated water is increasing 
more and more. As a result, a large amount of non-radioactive ions, such as Na
+
 ions, 
dissolved in the ground water are provided into the contaminated water every day. 
Therefore, it is necessary to uptake radionuclides selectively. Otherwise, the 
adsorbents are filled with undesired ions immediately.  
The ion-exchange experiments were conducted with several mixtures of SrCl2 
(1.0 mM) and NaCl (0 to 100 mM), and the selectivity was evaluated by the 
distribution coefficient Kd, which was calculated by the ratio of the adsorbed amount 
of Sr
2+
 ions with the remained amount of Sr
2+
 in the solution according to the equation 
1.
5-7
 The results were shown in Table 1.2. In the absence of Na
+
 ions, Kd was very 
high (3.24×10
5
). Interestingly, Kd did not decrease so much (1.40×10
5
) in the presence 
32 
 
of 10 mM of NaCl, and even in the presence of 100 mM of NaCl, high Kd was 
observed (8.30×10
4
). In contrast, Kd dropped down to 9.60×10
2
 in the case of titnate 
nanofibers with 100 mM of NaCl. These results clearly indicated that current 
materials exhibited much higher selectivities for the adsorption of Sr
2+
 ions over Na
+
 




Scheme 1.2 Selective uptake of Sr
2+




The equation for the distribution coefficient Kd:  
           
C0 : Concentration of initial Sr
2+
 before uptake [mg / L] 
Ce : Equilibrium concentration of Sr
2+
 after uptake [mg / L] 
V : Volume of Sr
2+
 solution [mL] 
M : Sorbent amount [g] 
Table 1.2 Distribution coefficient Kd values for Sr
2+
 ions absorption by sodium 
titanate nanowires. 
CNaCl (mM) 
Distribution coefficient Kd (mL/g) 





















2.3 Thermal stability  
Practically, the decontamination of the radiation-tainted water was conducted by 
passing the waste water through the adsorbent towers, which were the big columns 
filled with adsorbents. To achieve the smooth flow of the waste water, the adsorbents 
should be granules with around 1 mm diameter to reduce the water pressure in the 
column. Generally, the granulation is conducted by use of binders, and the resulting 
granules are calcined for enhancing their mechanical stability. Therefore, it is 
necessary to check the thermal stability of the nanowires. 
Then, the nanowires were calcined under 200 ºC and 400 ºC for 2 hours, and the 
XRD analyses of the resulting materials were conducted for checking the structure 
change. However, no significant changes were observed as shown in Figure 1.15. 
Furthermore, the ion-exchange experiments were examined with 1.0 mM of SrCl2 
solution, but any significant changes were not observed as shown in Figure 1.16. 
These results clearly showed that the thermal stabilities of the present nanowires 









   




Figure 1.16 The adsorbed amount of Sr
2+




2.4 Ion exchange with other ions 
Next, attention was paid to the adsorption properties of the present nanowires 
with other radionuclides. Then, the Ba
2+
 adsorption was examined because Ba
2+
 ions 
have a similar ionic diameter with radioactive 
226
Ra ions and it is known that they 
show similar ion-exchange behavior.
8
 Interestingly, the present nanowires exhibited a 
remarkable adsorption properties with Ba
2+
 ions again, showing 5.39 mequiv g
-1
 as a 
saturated amount with an initial concentration of 3.5 mM of Ba
2+
 ions (Figure 1.17). 




Figure 1.17 The adsorbed amount of Ba
2+
 ions under different initial concentration. 
 
The EDX analyses of the materials before and after uptake clearly showed that 
the Na
+
 ion peak disappeared and the Ba
2+







Figure 1.18 EDX results before (a) and after (b) Ba
2+
 ion exchange 
 
The adsorption experiment of Cs
+
 ions was also examined, because 
137
Cs is one 
of the most dangerous ions in the contaminated water in Fukushima due to its long 
half-life. Obviously, the observed behavior of Cs
+
 ions in the adsorption experiments 




 ions, because the adsorption of Cs
+
 
ions did not reach saturation easily with low initial concentrations of Cs
+
 ions, and 
finally saturated with very high initial concentrations like 50 mM (Figure 1.19). The 
maximum adsorbed amount was 4.85 mequiv g
-1
, which corresponded to 72% of the 
theoretical capacity (6.73 mequiv g
-1
). It is known that the ion-exchange occurs easily 
with divalent ions than monovalent ions. These results indicated that the nanowires 









Figure 1.19 The adsorbed amount of Cs
+
 ions under different initial concentration.  
 
EDX analyses of the nanowires before and after uptake of Cs
+
 ions also gave 




 ions (Figure 1.20). Even after adsorption with 100 
mM of Cs
+
 concentration, small amounts of Na
+
 ions were still remained in the 
nanowires. This result showed that the ion-exchange did not proceed smoothly 
probably due to the large radius of Cs
+







Figure 1.20 EDX results before (a) and after (b) Cs
+
 ion exchange with 100 mM 
 
On the basis of Pearson’s HSAB (Hard-Soft Acid-Base) Theory, hard acids 
should bind strongly to hard bases and soft acids should bind strongly to soft bases. In 
the ion-exchange process, metal cations in the solution behave as Lewis acids. The 








 ions were summarized in 
Table 1.3.
9
 Previously, Zhang and co-workers claimed that three factors on cations 
including valence, hardness, and radius, affected the ion exchange with their layered 





hardness, and smaller radius would be more preferred for the adsorption.
9









 ions were shown below. Furthermore, the ion 






 at 3.0 mM initial concentrations were 




























Considering the valence and the hardness, it was reasonable that the ion exchange 
proceeded from Na
+
 to other three cations. On the other hand, Table 1.4 indicated that 
the efficiency of Cs
+
 was much lower than that of other two cations, and this could be 













Cations Absolute hardness Ionic radius (nm) 
Na
+
 21.1 0.102 
Sr
2+
 16.3 0.118 
Ba
2+
 12.8 0.138 
Cs
+
 7.38 0.167 
 






 ions when the initial metal 






 (3.0 mM) 
Sr
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The application of the dealloying oxidation method to the Ti6Al94 alloy powders 
prepared by the gas atomization method was succeeded. The reaction proceeded 
smoothly under mild conditions, and the desired layered sodium titanates were 
obtained as fine nanowire structures with a diameter of around 10 nm. The diameter 
was larger than that of the previously reported nanowires obtained from the alloy 
ribbons via the melt spinning method. It was suggested that the nanocrystal size in the 
alloy precursors would influence the nanowire sizes. The obtained nanowires 




 ions. In the adsorption 
of Cs
+
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4. Experimental section 
 
General information 
The alloy ingot was fabricated by use of a Nissin Giken NEV-AD-03-ST arc 
furnace. The alloy powders were prepared by use of a Nissin Giken NEV-SGP01-N 
gas atomization machine. The Powder X-ray diffraction (XRD) patterns (2θ, 5–80°) 
were recorded on a Rigaku MiniFlex300 X-ray diffractometer using nickel-filtered 
Cu-Kα radiation. Specific surface areas (BET) were determined by using 
Quantachrome Quadrasorb. Electron microscope images were collected on a Hitachi 
S-5000 scanning electron microscopy (SEM) at an acceleration voltage of 20 kV, and 
a JEOL JEM-2100 transmission electron microscope (TEM) operated at 200 kV. 
Sample surface composition was detected by using JEOL JEM-6010LA equipped 
with an energy dispersive X-ray spectroscopy (EDS). The weight ratios of different 
elements in the samples were analyzed with a SPS3100 Plasma Spectrometer 
instrument, before the ICP testing the samples were digested with aqua regia. 






Figure 1.19 Arc furnace 
 
 




Figure 1.21 Quantachrome Quadrasorb 
 
 
Figure 1.22 Field emission scanning electron microscopy (FE-SEM) (right) and 





Figure 1.23 Transmission electron microscope (TEM) 
 
 
Figure 1.24 Electric muffle furnace 
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Preparation of Ti6Al94 alloy powder 
Highly-pure Ti (99.99%) and Al (99.99%) grain were melted with an electric 
arc-melting furnace in an Ar atmosphere. The atomic ratio of Ti : Al was 6 : 94. The 
alloy powder was prepared by the gas atomize machine (the heating temperature was 
1450 ºC and the pressurizing value was 2.0 MPa) that allowed the rapid solidification 




The Ti6Al94 powders (300 mg, 25 - 45 μm) were treated in 300 mL of 5 M NaOH 
aqueous solution for 12 hours at room temperature. Visually, white turbid liquid 
dispersed by fine powders was formed. The powders were separated by centrifugation 
at 12,000 rpm for 1 min, and washed with 50 mM NaOH three times, and then 
washed with acetone. Finally, the materials were dried by rotary evaporation to give 








 adsorption experiments 
The aqueous solution of SrCl2, BaCl2 or CsCl (4 mL) with given concentrations 
was added to the sodium titanates (4 mg) at room temperature. After the mixture was 
stirred for the required time, the adsorbent was separated by centrifugation at 15,000 
rpm for 1 min, and washed with distilled water one time and acetone one time. The 













Fabrication of titanate nanowires with ion-exchange properties from 






















In Chapter 1, synthesis of sodium titanate nanowires was succeeded by the 
dealloying-oxidation method with Ti6Al94 alloy powders obtained from the gas 
atomization technique. However, the reason why Ti6Al94 alloy compound gave fine 
nanowires via the dealloying-oxidation reaction was unknown. As the first step 
toward elucidation of a mechanism, attention was paid to the Ti6Al94 alloy powders. 
As mentioned in Chapter 1, XRD of alloy powders indicated that it was a mixture of 
TiAl3 and Al. In the previous report using the melt spinning method, our research 
group also found that TiAl3 nanocrystals were formed and distributed uniformly in the 
Al matrix.
1
 On the basis of these results, it would be reasonable to consider that TiAl3 
nanocrystals were real precursors of the sodium titanate nanowires. Therefore, a 
plausible mechanism of the dealloying oxidation reaction was proposed as shown in 
Scheme 1. In the first step, Al matrix dissolved in alkaline solution to release TiAl3 
nanocrystals. In the second step, Al leaching occurred from these nanocyrstals, 
followed by oxidation of the resulting isolated titanium, leading to sodium titanates. 
To support this assumption, the fabrication of sodium titanate nanowires from the 
















 alloy powders TiAl
3
 nanocrystals Sodium titanates 
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2. Results and discussion 
 
2.1 Sodium titanates preparation  
The TiAl3 alloy ingot was prepared from a mixture of Ti and Al metals (Ti : Al = 
1 : 3) by use of arc melting furnace. Then, the large ingot was smashed into 
pebble-sized small pieces with a hammer. The resulting pieces were put into the 
special quartz nozzle, and they were converted to powders by the gas atomization 
machine (Figure 2.1). During the gas atomization process, the heating temperature 
was 1550 ºC and the pressurizing value was 2.0 MPa. From 15.0 g of the ingot, 12.5 g 




Figure 2.1 Obtained alloy ingot and powders 
 
The scanning electron microscope (SEM) analysis of the obtained alloy powders 
indicated that each powder had the spherical shape with the size range from several 
micrometers to tens of micrometers as shown in Figure 2.2. The energy-dispersive 
X-ray spectroscopy (EDX) showed that the composition of the powders was TiAl3 as 




     
 









The XRD profile indicated that the obtained powders consisted of TiAl3 
intermetallic compound. The diffraction peaks were assigned by comparing with the 




Figure 2.4 XRD spectra of the gas atomized alloy powder (up) and the standard 
diffraction pattern of TiAl3 (down). 
 
After the successful separation by the testing sieves, the obtained alloy powders 
were collected to three kinds of alloy powders with different size range (Table 2.1). 
Among them, the powders with 25-45 μm were selected as precursors of 







Table 2.1 Size distribution of obtained alloy powder 
Size range Weight ratio 
≤ 25 um 6.8% 
25-45 um 29.0% 
≥ 45 um 38.7% 
 
Fabrication of titanate nanomaterials was carried out with the selected powders 
by the dealloying-oxidation method. The alloy powers were treated with 5 M aqueous 
solution of sodium hydroxide under 50 ℃ for 12 h. The Al was dissolved with 
evolution of hydrogen gas, and the white precipitates were formed (Scheme 2.1). 
 
 
Scheme 2.1 Fabrication of sodium titanate nanowires 
 
Finally, sodium titanates were obtained after the centrifugation of the turbid 
solution followed by drying with rotary evaporator. The obtained materials were 





Figure 2.5 Obtained sodium titanates 
 
The FE-SEM image showed that the nanowire structure was obtained by the 
dealloying-oxidation method (Figure 2.6). The energy dispersive X-ray spectroscopy 
(EDS) analysis showed that the Al was completely dissolved from the alloy powders 
and the obtained materials were sodium titanates (Figure 2.7). 
 
 





Figure 2.7 EDX analysis of obtained sodium titanates 
 
TEM images of the nanowires were shown in Figure 2.8, which revealed that the 
nanowires had diameters of around 10 nanometers. The Brunauer Emmett Teller 













Comparison with the reported lepidocrocite type layered nanowires revealed that 
the current nanowires also had the same type of structure due to their similar 




Figure 2.9 XRD spectra of the present nanowires (red) and the previously 
reported nanowires obtained from the alloy ribbon prepared by the melt spinning 
method (black).  
 
The composition of the nanowires was determined by using inductively coupled 
plasma spectrometry (ICP) after dissolution of sodium titanate nanowires in aqua 
regia under room temperature. The results identified that the atomic ratio of Na to Ti 
was 0.673, which leads to x ≈ 1.15 in the NaxTi2-x/4◇x/4O4 structure. After calculation, 




2.2 Ion exchange with Sr
2+
 ions 
The adsorption properties of the obtained nanowires with Sr
2+
 ions were 
examined. The theoretical ion exchange capacity based on the composition of 
Na1.15Ti1.71◇0.29O4 was 6.68 mequiv g
-1
. The ICP results showed that the Sr
2+
 
adsorption was proportional to the initial Sr
2+
 concentrations and it was saturated at 
4.78 mequiv g
-1
 with the initial Sr
2+

















This result showed that 72% of Na
+
 ions were exchanged to Sr
2+
 ions, and this 
value was higher than those of the previously reported materials, Na2Ti3O7 and 





 Furthermore, this value was higher than that of the 




The EDX results before and after uptake of Sr
2+
 ions indicated that Na peak 















The difference of the interlayer spaces before and after ion-exchange with Sr
2+
 
ions was investigated by comparing XRD spectra (Figure 2.12). The original distance 
was 0.92 nm, and it was not changed at all after uptake of Sr
2+
 ions. These results 
clearly showed that no deformation occurred with the current nanowires unlike the 
previously reported nanofibers.
2
 In addition, the adsorption proceeded quickly within 




Figure 2.12 XRD profile before (a) and after (b) Sr
2+











The selective adsorption experiment was carried out with the mixtures of SrCl2 
(1.0 mM) and NaCl (0 to 100 mM) as shown in Scheme 2.2, and the Sr
2+
 ion 
selectivity was evaluated by the distribution coefficient Kd. The results are 













It was found that Kd was very high (7.23×10
5
) in the absence of Na
+
 ions. 
Although it was decreased slightly in the presence of NaCl, it showed 7.10×10
4
 even 
with 100 mM of NaCl. In contrast, Kd of the nanofibers dropped down significantly 
with the same initial concentration of NaCl. These results indicated that the current 
nanowires possessed better ion selectivity for the adsorption of Sr
2+
 ions than the 
nanofibers. 
 
Table 2.2 Distribution coefficient Kd values for Sr
2+
 ions absorption by sodium 
titanate nanowires. 
CNaCl (mM) 
Distribution coefficient Kd (mL/g) 



















2.3 Thermal stability  
The thermal stability of the current nanowires was investigated for practical use 
as mentioned in Chapter 1. Then, the calcination of the nanowires was conducted 
under 200 ºC and 400 ºC for 2 hours, and the thermal stability was evaluated by XRD 
measurement. However, no significant changes were observed as shown in Figure 





 ions decreased slightly with the calcined materials at 400 ºC as shown in 
Figure 2.15.  
 
Figure 2.14 XRD spectra of the calcined nanowires under several conditions 
 
 
Figure 2.15 The adsorbed amount of Sr
2+




2.4 Ion exchange with other ions 
The adsorption of Ba
2+
 was examined with the current nanowires, and the results 
were shown in Figure 2.16. The Ba
2+
 adsorption saturates at 4.81 mequiv g
-1 
with an 
initial concentration of 3.0 mmol/L. This result demonstrated that Na
+
 ions were 
exchanged with Ba
2+
 ions with 80% of the theoretical capacity. From the EDX 
analyses, Na
+
 ions were disappeared and Ba
2+
 ions appeared after adsorption of Ba
2+
 





 adsorbed amount under different initial concentration of  
Ba
2+








      
 Figure 2.17 EDX results before (a) and after (b) ion exchange 
 
Next, the adsorption experiments of Cs
+
 ions were examined. The adsorption of 
Cs
+
 ions did not saturate with low initial concentration of Cs
+
 ions, and the similar 
tendency was observed in Chapter 1. Finally, it reached nearly saturation with 100 
mM of Cs
+
 ion (Figure 2.18). The maximum adsorbed amount was 5.15 mequiv g
-1
, 












 adsorbed amount under different initial concentration of  
Cs
+
 calculated from ICP result. 
 
EDX analyses of the nanowires before and after uptake of Cs
+
 ions also gave the 
similar results with that in Chapter 1. Even after adsorption with 100 mM of Cs 
concentration, EDX indicated small Na peak in the nanowires. This result showed that 
small amounts of Na
+





    
 
Figure 2.19 EDX results before (a) and after (b) Cs
+
























 at 3 mM initial 
concentrations were summarized in Table 2.3. As mentioned in Chapter 1, the cation 
with higher valence, lower hardness, and smaller radius were easily exchanged. The 
obtained results were consistent with the prediction, and were similar with that 
obtained in Chapter 1. 
 






 ions when the initial metal 






 (3.0 mM) 
Sr
2+






















2.5 Fabrication of sodium titanate with smashed TiAl3 alloy grains 
As mentioned above, fabrication of sodium titanate nanowires was succeeded 
from TiAl3 alloy powders obtained by the gas atomization method. These results 
enhanced the availability of the dealloying-oxidation method with the industrial scale. 
Next, the possibility to use simply smashed TiAl3 grains was checked for fabrication 
of sodium titanate nanowires.  
 
2.6 Sodium titanates preparation 
The mother TiAl3 ingot was prepared by melting a mixture of Ti and Al grains 
with a ratio of 1:3 in an arc melting furnace. The ingot was smashed into tiny pieces 
with a hammer, which was screened to afford grained alloy with 25 - 45μm size 
(Figure 2.20a). The XRD spectrum shows that TiAl3 intermetallic compound was 




Figure 2.20 SEM image (a) and XRD pattern (b) of TiAl3 alloy grains. 
 
Treatment of the resulting TiAl3 alloy grains with 6 M NaOH aqueous solution at 





Scheme 2.3 Fabrication of sodium titanate nanowires 
 
The TEM image of obtained nanowires was shown in Figure 2.21. Figure 2.21 
showed that nanowires with diameters of less than 10 nm were produced. The inset 
TEM image taken at lower magnification revealed that they were aggregated to form 
a three-dimensional network. The Brunauer Emmett Teller (BET) measurements of 








Figure 2.21 TEM image of the sodium titanates. The inset shows  
a TEM image at lower magnification. 
 
 
The nanowires are confirmed to have the lepidocrocite type layered structure by 
making a comparison between XRD patterns of nanomaterials obtained from the 
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TiAl3 grains and the Ti6Al94 ribbon. The obtained XRD peaks are broadened. This is 
because the nanowire is composed of nanosize domains (Figure 2.21). The main 
peaks such as (020), (130), and (200) in the XRD spectrum of nanowires can be 
recognized. Furthermore, the peak position of the (020) diffraction is shifted to a 
lower angle (Figure 2.22). This peak shift is pronounced after the Sr adsorption. The 
calculated interlayer spacing of the lepidocrocite atomic structure before the Sr 
adsorption is 1.06 nm, which is 0.15 nm wider than that from the Ti6Al94 ribbon. 
These results clearly show that the sodium titanate nanowires can be fabricated from 
the grains of the TiAl3 intermetallic compound and the nanowires are constructed by 
the lepidocrocite-type layered structure. 
 
 




The energy-dispersive X-ray spectroscopy (EDS) analysis of the nanowires 
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shows that the Al is completely dissolved Figure 2.23a). The chemical composition is 
determined by elemental analysis using inductively coupled plasma-mass 
spectrometry (ICP-MS), which revealed that the atomic ratio of Na to Ti was 0.78, 
leading to x = 1.3 in the NaxTi2-x/4O4 structure. There is a possibility that Na atoms 
could be preferentially adsorbed at Ti vacancy sites. In this case, the structure should 
be Na1.25Ti1.75O4. The details will be reported elsewhere. A small amount of Al is 
detected by ICP-MS because the sensitivity of ICP-MS is much higher than that of 
EDS. However, the atomic ratio of Al to Ti is only 0.38%, indicating that Al can be 
excluded from the nanowire compositions. 
 




2.7 Ion exchange capacity 
 
Ion-exchange ability of the obtained sodium titanate nanowires with Sr
2+
 ions is 
examined. The Sr
2+
 adsorption isotherm is presented in Figure 2.24, which is 
simulated by the Langmuir and Freundlich models calculated by Equation (1) and (2). 
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The corresponding parameters are listed in Table 2.4. Obviously, the Langmuir model 
shows better fitting than the Freundlich model. The Langmuir model is basically 
applicable to a homogeneous adsorption surface in which all surface sites are 
equivalent. On the other hand, the Freundlich isotherm model assumes a 




Figure 2.24 Equilibrium adsorption isotherm for adsorption of Sr
2+
 ions with 
sodium titanates. The lines represent the fitting of the data with Langmuir (blue) 
and Freundlich (red) isotherm models 
 
Langmuir model:     𝑞e =  
𝑏𝑞max𝐶e
1+𝑏𝐶e
            (1) 
Freundlich model:     𝑞e = 𝑘𝐶e
1/𝑛              (2) 
qe is the amount of Sr
2+
 ions adsorbed on the adsorbents per weight at equilibrium, 
b is the Langmuir constant related to the energy and affinity of the adsorbent, qmax is 





 ions at equilibrium, k is the Freundlich constant correlated to the relative 
adsorption capacity of the adsorbent, n represents the energetic heterogeneity, and R
2
 
is the correlation coefficient value. 
 














Langmuir 2.23 186.58 - - 0.99 
Freundlich - - 2.23 8.57 0.83 
 
These fitting results indicate the homogeneous distribution of active sites. The 
theoretical exchange capacity based on the composition of NaxTi2-x/4O4 (x ≈ 1.3) is 7.5 
mequiv g
-1
. The maximum Sr
2+
 ion-exchange capacity of nanowires is determined to 
be 4.5 mequiv g
-1
 (2.23 mmol g
-1
) by the Langmuir fitting. This capacity is 60% of the 
theoretical capacity of nanowires. This result is lower than that of the nanowires from 
TiAl3 and Ti6Al94 alloy powders. The adsorption achieved equilibrium within 5min, 
and similar behavior was observed even with the nanowires from Ti6Al94 alloy. The 
fast adsorption speed would be attributed to the larger surface areas as well as the 
lepidcrocitetype layered structure. 
 
Table 2.5 The distribution coefficient Kd for Sr
2+
 ion adsorption by titanate nanowires 
Entry Concentration 
of NaCl [mM] 
Titanates from 
TiAl3 grain [mL/g] 
Titanates from 
TiAl3 powders [mL/g] 
















The selective adsorption of Sr
2+
 ions of two nanowires derived from TiAl3 grain 
and TiAl3 alloy powders in the presence of a large amount of Na
+
 ions was examined. 
The results are summarized by use of the distribution coefficient (Kd) in Table 2.5. 
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The Kd values of the nanowires from TiAl3 decreased by increasing the concentration 
of NaCl, but it still shows 3.0 x 10
4
 in a 100 mM NaCl solution, and for the nanowires 
obtained from TiAl3 alloy powders, the value had no significant decrease too. These 
results clearly showed that the Sr
2+
 ion selectivity of nanowires from TiAl3 grain was 






The sodium titanate nanowires were found to be fabricated from TiAl3 alloy 
powders prepared by the gas atomization or hammer. These results clearly showed 
that the precursor of the nanowires were TiAl3 intermetallic compounds, and this 
finding strongly support the proposed stepwise mechanism of the 
dealloying-oxidation reaction of Ti6Al94 as shown in Scheme 1. Analysis data of all 
materials in Chapter 1 and 2 are summarized in Table 2.6. Furthermore, these results 
indicated that the nanowire size was depended on the TiAl3 crystal size, and the finest 
nanowires were obtained from the Ti6Al94 alloy ribbons prepared from the melt 
spinning method. Interestingly, however, the influence of the nanowire size on the 
adsorption property was complicated, and it was found that the finest one was not 
always the best materials for adsorption. Further elucidation on the relationship 
between the crystal structure and the adsorption property is necessary. 
 
Table 2.6 Comparison between Chapter 1 and Chapter 2 







































 74% 72% 60% 66% 
Adsorption time 5 min 10 min 5 min 5 min 
Interlayer 
distance 
Before 0.910 nm 0.919 nm 1.06 nm 0.910 nm 
After 0.900nm 0.918 nm / 0.900 nm 
Deformation 1% 0.1% / 1% 
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The alloy ingot was fabricated by use of a Nissin Giken NEV-AD-03-ST arc 
furnace. The alloy powders were prepared by use of a Nissin Giken NEV-SGP01-N 
gas atomization machine. Powder X-ray diffraction (XRD) measurements were 
performed by Rigaku MiniFlex300. The rotating anode generator with Cu Kα 
radiation was used. The tube voltage and current was 45 kV and 200 mA, respectively. 
Hitachi S-5000 scanning electron microscopy (SEM) equipped with an energy 
dispersive X-ray spectroscopy (EDS; Oxford Instruments, X-Max 50) was used for 
the microstructure characterizations. The JEOL JEM-2010F scanning/transmission 
electron microscopy (S/TEM) with an accelerating voltage of 200 kV equipped with 
EDS (Oxford Instruments, X-Max 80) was used for the nanostructure 
characterizations. By making the electron beam size converge down to approximately 
1 nm in diameter, nano-beam diffraction patterns (NBDPs) were obtained to identify 
the crystal structures and crystallographic orientations of the nanowires. 
High-resolution TEM (HRTEM) images were taken by a FEI TITAN80-300 
aberration-corrected TEM operated at an accelerating voltage of 200 kV. The BET 
specific surface area of the prepared samples was obtained by using Quantachrome 
Quadrasorb. The ICP-MS measurements were performed with Agilent 8800. 
 
Fabrication of sodium titanate nanowires from Ti6Al94 alloy powder 
Highly-pure Ti and Al grain was melted with an electric arc-melting furnace in an 
Ar atmosphere. The atomic ratio of Ti : Al was 1 : 3. The alloy powder was prepared 
by the gas atomize machine (the heating temperature was 1550 ºC and the 
pressurizing value was 2.0 MPa) that allow the rapid solidification of TiAl3 alloy. The 
size between 25 - 45μm of the powder was chosen by using sieve. 
The TiAl3 powder (1 g, 25 - 45 μm) was treated in 1 L of 5 M NaOH aqueous 
solution for 12 hours at 50℃. Visually, white turbid liquid dispersed by fine powders 
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was formed. The powders were separated by centrifugation at 12,000 rpm for 1 min, 
and washed with 50 mM NaOH three times, and then washed with acetone. Finally, 
Na1.15Ti1.71O4 nanowire was dried by using rotary evaporation and the visual 
appearance was to be white fine powders (0.76 g). 
 
Fabrication of sodium titanate nanowires from TiAl3 grains 
Immersion of TiAl3 grains (1 g) in 6 M NaOH aqueous solution (1 L) at room 
temperature for 18 hours gave white precipitate with hydrogen gas evolution. After 
filtration, the obtained solids were washed with 0.05 M NaOH aqueous solution, 
rinsed with acetone, and dried under reduced pressure to give white powders 






 adsorption experiments 
The aqueous solution of SrCl2 or BaCl2 (4 mL) with given concentrations was 
added to the sodium titanates (4 mg) at room temperature. After the mixture was 
stirred for the required time, the adsorbent was separated by centrifugation at 15,000 
rpm for 1 min, and washed with distilled water one time and acetone one time. The 
concentration measurement of the solution and the elemental analysis was of the 




 adsorption experiments 
The aqueous solution of CsCl (4 mL) with given concentrations was added to the 
sodium titanates (4 mg) at room temperature. After the mixture was stirred for the 
required time, the adsorbent was separated by centrifugation at 15,000 rpm for 1 min, 
and washed with distilled water two times and acetone one time. The concentration 
measurement of the solution and the elemental analysis was of the adsorbent were 
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